University of Windsor

Scholarship at UWindsor
Electronic Theses and Dissertations

Theses, Dissertations, and Major Papers

2004

Space-time coding with imperfect channel estimates.
Bashir Iqbal Morshed
University of Windsor

Follow this and additional works at: https://scholar.uwindsor.ca/etd

Recommended Citation
Morshed, Bashir Iqbal, "Space-time coding with imperfect channel estimates." (2004). Electronic Theses
and Dissertations. 3546.
https://scholar.uwindsor.ca/etd/3546

This online database contains the full-text of PhD dissertations and Masters’ theses of University of Windsor
students from 1954 forward. These documents are made available for personal study and research purposes only,
in accordance with the Canadian Copyright Act and the Creative Commons license—CC BY-NC-ND (Attribution,
Non-Commercial, No Derivative Works). Under this license, works must always be attributed to the copyright holder
(original author), cannot be used for any commercial purposes, and may not be altered. Any other use would
require the permission of the copyright holder. Students may inquire about withdrawing their dissertation and/or
thesis from this database. For additional inquiries, please contact the repository administrator via email
(scholarship@uwindsor.ca) or by telephone at 519-253-3000ext. 3208.

SPACE-TIM E CODING W ITH IM PE R FEC T CHANNEL ESTIMATES

by
Bashir Iqbal Morshed

A Thesis
Subm itted to the Faculty of G raduate Studies and Research
through Electrical Engineering
in Partial Fulfillment of the Requirements for
the Degree of M asters of Applied Science at the
University of W indsor

W indsor, O ntario, C anada
2004

©2004 Bashir Iqbal Morshed

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

1*1

Library and
Archives Canada

Bibliotheque et
Archives Canada

Published Heritage
Branch

Direction du
Patrimoine de I'edition

395 W ellington Street
Ottawa ON K1A 0N4
Canada

395, rue W ellington
Ottawa ON K1A 0N4
Canada
Your file Votre reference
ISBN: 0-612-96399-3
Our file Notre reference
ISBN: 0-612-96399-3

The author has granted a non
exclusive license allowing the
Library and Archives Canada to
reproduce, loan, distribute or sell
copies of this thesis in microform,
paper or electronic formats.

L'auteur a accorde une licence non
exclusive permettant a la
Bibliotheque et Archives Canada de
reproduire, preter, distribuer ou
vendre des copies de cette these sous
la forme de microfiche/film, de
reproduction sur papier ou sur format
electronique.

The author retains ownership of the
copyright in this thesis. Neither the
thesis nor substantial extracts from it
may be printed or otherwise
reproduced without the author's
permission.

L'auteur conserve la propriete du
droit d'auteur qui protege cette these.
Ni la these ni des extraits substantiels
de celle-ci ne doivent etre imprimes
ou aturement reproduits sans son
autorisation.

In compliance with the Canadian
Privacy Act some supporting
forms may have been removed
from this thesis.

Conformement a la loi canadienne
sur la protection de la vie privee,
quelques formulaires secondaires
ont ete enleves de cette these.

While these forms may be included
in the document page count,
their removal does not represent
any loss of content from the
thesis.

Bien que ces formulaires
aient inclus dans la pagination,
il n'y aura aucun contenu manquant.

Canada
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

SCO

I hereby declare th a t I am the sole author of this thesis.
I authorize the University of W indsor to lend this thesis to other institutions or
individuals for the purpose of scholarly research.

Bashir Iqbal Morshed

I authorize the University of W indsor to reproduce this thesis by photocopying or
other means, in to tal or in part, at the request of other institutions or individuals for
the purpose of scholarly research.

Bashir Iqbal Morshed

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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A bstract This thesis proposes a new decision rule for the space-time block (STB)
coded wireless communication system in Rayleigh faded channel w ith partial know
ledge of the channel state information (CSI). Also proposed is the frame-based itera
tive channel estim ation algorithm for the same system with no knowledge of CSI.
A ntenna diversity can provide high channel spectral efficiency necessary for the
next generation wireless communication system. Receiver diversity is applicable for
uplink from the mobile station (MS) to the base station (BS), while providing tran s
m itter diversity for downlink from BS to MS. One of th e tran sm itter diversity tech
niques is the STB code, proposed by Alam outi [1]. The STB code is highly efficient
considering the decoding complexity. One m ajor disadvantage of the STB coded sys
tem is th a t the error rate performance relies heavily on the estim ated channel fading
param eters, which are used in the decision rule. As the estim ated fading param eters
become unreliable with decreasing numbers of overhead pilot symbols, the perfor
mance degrades. If the receiver has partial knowledge of CSI, then this performance
can be improved by including this information to the decision rule of the decoder.
The state-of-the-art technique uses the modified decision rule proposed by Tarokh [28].
This thesis proposes a simpler modified decision rule which performs b etter in term s
of bit error rate (BER) than the existing state-of-the-art technique using gray coded
16-QAM (Q uadrature Am plitude M odulation) scheme with 2 tran sm itter antennas
and 1 receiver antenna. Moreover, the proposed decision rule requires much less
complexity from the im plem entation point of view compared to the state-of-the-art
counterpart.
The thesis also proposes the frame-based iterative channel estim ator when no
knowledge of CSI is available at the receiver. The algorithm exploits the inherent
orthogonal property of the STB code. The BER performance reaches within 1 dB
of the perfect knowledge of CSI for the simplest case with BPSK (Binary Phase
Shift Keying) m odulation having 2 tran sm itter antennas and 1 receiver antenna.
The proposed algorithm outperform s the state-of-the-art iterative decision-directed
channel tracking algorithm [12] at the expense of increased receiver complexity.
T h e s is S u p e rv is o r: Behnam Shahrrava
T itle : Assistant Professor, Electrical and C om puter Engineering
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Chapter 1
Introduction
The third generation (3G) mobile communication standards are expected to provide
a wide range of bearer services, spanning from voice to high-rate d a ta transmission.
The requirements lead to a demand for increased capacity with limited radio spectrum
available. Communication technology is being rapidly changed to meet this dem and
and new communication techniques are being developed for modern communication
systems. In an effort to support such high rates, the bit/sym bol capacity of bandlimited wireless channels can be increased by employing multiple antennas.

The

traditional approach is to use multiple antennas at the receiver and use maximalratio receiver combining (MRRC) of the received signals for improved performance
[11]. This receiver diversity scheme is attractive for the Base Stations (BS); however,
applying this scheme at the Mobile Stations (MS) increases their complexity and size.
Hence receiver diversity techniques typically have been applied for uplink only.
To achieve similar diversity gain for communication systems from the BS to the
MS, different transm it diversity techniques have been introduced. Space-time trellis
codes were proposed to meet the demand, but the receiver complexity becomes very
high [27]. In addressing the issue of decoding complexity, Alam outi discovered a
remarkable scheme for transm it diversity using two transm itter antennas [1]. Later

1
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this scheme was extended for three and more transm itter antennas by Tarokh et
al [29].

This coding technique, known as the space-time block (STB) code, has

a simple decoder structure.

It can provide the best theoretical tradeoff between

diversity gain, transm ission rate, constellation size, signal space dimension and trellis
complexity [28]. However, the decoding of STB code heavily depends on the accuracy
of the estim ate of the channel fading param eters [3], Estim ation of channel fading
param eters requires overhead pilot symbols. To increase the d ata rate and decrease
energy loss due to overhead, reduced pilot symbols are to be used. This causes the
estim ation to become unreliable, leading to a poor error rate performance of the
system. Tarokh proposed a modified decision rule when partial knowledge of the
channel state inform ation (CSI) is available at the receiver [28]. The complexity of
this decision rule is very high and the decision rule is valid only for high signal-tonoise ratio (SNR) [30]. On the contrary, when no knowledge of CSI is available,
iterative channel estim ation is proposed to improve the performance [4,12]. Practical
im portance of these two cases dem and more research to resolve the complexity and
performance gain issues before implementing the system efficiently in reality.
The goals of this thesis are as follows:
• Investigate the state-of-the-art of the STB coded system with imperfect channel
estimates.
• Derive a modified decision rule w ith imperfect channel estim ates when partial
knowledge of CSI is available.
• Investigate iterative channel estim ation algorithm for improved performance
w h en no C S I is available.

These goals are realized in the following methodology:
• P artial CSI - a simple modified decision rule is derived for this case based on
A lam outi’s first model, which supersedes performance of T arokh’s model.
2
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• No CSI - a novel frame-based iterative channel estim ation algorithm is proposed
for this case exploiting the orthogonal property of STB coded scheme.
• Comparison - performances are compared through software simulations with
the corresponding state-of-the-art techniques.
The remainder of this introduction specifies the basic problems of decoding with
imperfect channel estim ates, and outlines the proposed solutions.

1.1

Challenges due to im perfect channel estim ates

The decision rule for the STB code was derived assuming ideal case when the receiver
has the perfect knowledge of CSI [1,29]. In reality, the receiver never has the perfect
knowledge of CSI as the channel param eters are random variables. There are two
possible cases in practice:
• Case I - The receiver m ight have partial knowledge of CSI. This partial know
ledge can be the variances of the estim ation error of the channel fading param 
eters, which can be found easily and reliably.
• Case II - The receiver might have no knowledge of CSI.
In both cases, the decision rule derived assuming the perfect knowledge of CSI
causes mism atch in the receiver. Performance degradation due to this type of mis
m atch in the channel fading param eters in the decision rule has been addressed in
the standard literature [33]. It is shown in [3] th a t the STB code is more sensitive
to the channel estim ation error than the straightforward two branch diversity scheme
because of its dependency on the removal of the cross-terms in the decision rule. This
dependency on the channel estim ation error increases as the number of transm itter
and receiver antennas increases to achieve higher error rate performance [9]. More
over, if the initial channel estim ation is done with very few pilot symbols to reduce
3

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

overhead loss, the estim ation error becomes significant and the coding performance
degrades further.
The case of partial knowledge of CSI was discussed and modification of the deci
sion rule was proposed in [26,28]. Later, however, it was found th a t the scheme is only
applicable when the SNR approaches infinity [30] and is approxim ate for the practical
range of the SNR. Moreover, this modified decision rule requires much higher pro
cessing tim e as the complexity is very high. Still, this is the state-of-the-art m ethod
to combat imperfect channel estim ates for the first case.
Techniques to overcome performance degradation due to the channel estim ation
error for the second case are also being extensively studied. In [14], a cyclic approach
is considered to com pensate the channel estim ation error. Different iterative algo
rithm s are being proposed to improve initial channel estim ation using d ata symbols.
Decision-directed channel estim ation is proposed in [4,16,35]. An improved m ethod
of decision-directed channel tracking algorithm (which is in fact a modified version
of the decision-directed algorithm, hence can be called as modified decision-directed
method) is proposed in [12], This is the state-of-the-art algorithm in this case for
its high performance and very low complexity. However, there is still a significant
performance gap between the ideal case and this algorithm.

1.2

D escription of solutions

To resolve the issue of channel fading param eter estim ation error, two different tech
niques for the two cases are proposed in this work. For the first case, a simple modified
decision rule is derived. For the second case, a frame-based iterative channel estim a
tor is proposed which exploits the inherent orthogonal property of the STB coding.
The solutions are briefly discussed below.

4
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1.2.1

M odified decision rule for th e decoder

A low complexity modified decision rule has been proposed for the maximum like
lihood (ML) decoder of the STB coded system proposed by Alam outi when vari
ance of the estim ation error is known or can be estim ated reliably. Similar steps to
Frenger’s methodology for Turbo coded system with imperfect channel estim ates has
been adopted [8]. The basic approach is to include the known estim ation error model
while deriving the probability density function (pdf) of the received signal condi
tioned on the estim ated channel param eters. The modified decision rule given in this
work provides a similar or improved performance compared to the state-of-the-art
method. Moreover, the proposed decision rule has much less complexity for practical
im plem entation. The decision rule can easily be generalized or extended for any STB
coded system and other similar systems, too.

1.2.2

Fram e-based iterative channel estim ation

The structure of the STB d ata blocks and of the orthogonal pilot sequences are
similar. This inherent orthogonal property of the STB coding scheme is exploited in
this algorithm. The effect of wrong detection of d ata blocks is minimized by iterating
on a frame-basis instead of a block-basis.

The initial channel fading param eters

are estim ated from a few known d ata or pilot sequences. These estim ated channel
param eters are used to decode the whole frame of the received signal. Then the whole
data frame is used to find averaged channel fading param eters, which will obviously
have higher reliability. This m ethod of frame-based iteration is repeated for a number
of times to have the desired performance of the error rate. The performance gain is
very significant as it approaches ideal case performance after only a few iterations.
However, the complexity is increased and higher processing tim e is expected.

5
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1.3

O rganization of the thesis

The organization of this thesis is as follows:
C hapter 2 discusses different types of channels and channel coding techniques.
C hapter 3 describes the STB coded system in detail with emphasis on the Alam
ou ti’s first model.
C hapter 4 describes the estim ation technique of the channel fading param eters and
explains th e effect of imperfect channel estim ates on the performance of the system.
C hapter 5 develops the proposed modified decision rule for the STB coded sys
tem in the Rayleigh faded channel w ith imperfect channel estim ates having partial
knowledge of CSI.
C hapter 6 develops the proposed model of the frame-based iterative channel esti
m ation for the STB coded system having no knowledge of CSI.
C hapter 7 presents the simulation results showing performance comparison with
the corresponding state-of-the-art methods.
C hapter 8 summarizes m ajor accomplishments and identifies future research di
rections.
The Appendix A gives the steps of the derivation of the exact conditional pdf of
the received signal in detail, which is needed for deriving the modified decision rule.

6
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Chapter 2
Channel and channel coding
This chapter describes the basic concepts required for the modern communication
system. As the thesis is based on a channel coding technique for wireless communi
cation system, different types of channels involving this kind of system are explained.
A brief discussion on different channel coding techniques are also given.

2.1

M odern com m unication system

Ever since th e first transm ission for radio communication by Guglielmo Marconi,
the radio spectrum has become the fundam ental resource on which every wireless
communication system depends. Following those early pioneering times, the use of
the radio spectrum has increased dram atically in recent days with the advent of
mobile technology. Now-a-days, the available radio spectrum is heavily utilized by
a variety of services based on land and sea, in air and space, for a vast array of
different purposes. These services bring an enormous am ount of benefits to hum an
society.

However, they also require appropriate radio spectrum m anagement and

regulation mechanisms to ensure economically viable use of this limited resource.
Indeed, different wireless systems offering the services need to maximize their own
spectrum efficiency to ensure th a t support can be given to as many users as possible.
7
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The endeavor is to increase bo th user satisfaction and th e revenues of th e operator.
In the third generation of wireless communications, the dem and for wide-band
high d a ta rate communication services will grow with the integration of internet and
multim edia applications. To meet this demand, basic requirements of the modern
communication systems can be categorized as:
• High d ata transm ission rate.
• Limited bandw idth operation.
• Reliable communication.
Reliable communication, consisting of transm ission and reception processes, has
an acute im pact on d ata transm ission rate and capacity. A communication system
with high d ata rate but low reliability suffers from high volume of requests for re
transm ission of the same d ata packets. Similarly a reliable communication scheme
w ith low capacity can outperform a unreliable communication scheme w ith higher ca
pacity. Hence, emphasis is given on reliable communication to optimize the channel
spectral efficiency. Increased reliability can be achieved by different coding techniques
in different levels of transm ission and reception. One of the coding techniques used
to meet the uncertainty of the channel param eters is channel coding. Before dis
cussing channel coding, a b etter understanding of a simple communication system
and wireless channel is necessary.

2.2

A sim ple com m unication system

A simplified diagram of generalized digital communication system is shown in Figure
2-1 [32]. The digital signal sequences (c(t)) produced by the source are transm itted
through the transm itter. Depending on the coding scheme, the number of transm itter
antennas can be one or more. This transm itted symbol sequences (s(t)) pass through

8
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Figure 2-1: A simplified digital communication system.
the channel, which might be an acoustical channel for wireless communication sys
tems. The channel introduces channel fading param eter (h(t)) to the transm itted
symbols. This random fading param eter has probability distribution depending on
the line-of-sight from the transm itter to the receiver. The worst case of fading is the
Rayleigh fading, when there is no direct p ath from the transm itter to the receiver. In
addition, at the receiver antenna, additive white Gaussian noise (AWGN) is generated
(n(t)) and added to the faded symbols to constitute the received signal r(t). Again,
the number of receiver antennas can be one or more depending on the communication
model. For the simplest case given in Figure 2-1, the received signal model can be
expressed as,
r(t) = h(t)s(t) + n(t).

(2.1)

This received signal is sampled by the m atched filter, the correlation detector or some
other m ethod. These samples constitute the received signal samples, which are then
passed through the detector for detection of transm itted symbol sequences (s( t )). A
simple mapping can produce the detected d ata (c(f)) sequences and are consumed at
the sink. For estim ation of channel fading param eter, some known pilot symbols are
sent along w ith a d a ta frame. A channel estim ator (not shown in the figure) isolates
the received signal samples due to pilot symbols and estim ates the channel, which is
fed to the receiver before the detection process starts. In the communication model,
the source is a system having no input but producing an output; a sink has an input
and no output.
One of the m ajor challenges in wireless communication system is to overcome the

9
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channel fading caused by m ultipath and movement in the radio link. For a benign
wireless channel, the receiver would simply be inverse of the tran sm itter and there
would be no error in the detection process. B ut in practice, the wireless channel is not
benign. R ather the channel introduces random destruction of the transm itted signal.
This requires powerful channel coding to com bat the malign effects of the channel. A
brief discussion of wireless channels follows in the next section.

2.3

T ypes of wireless channel

The surrounding objects of a wireless environment act as reflectors or absorbers of
the radio waves. Some obstacles produce reflected waves with attenuated amplitudes
and phases. If a m odulated signal is to be transm itted, multiple reflected waves of the
transm itted signal will arrive at the receiving antenna (or antennas) from different
directions w ith different am plitudes, propagation delays and phases. These reflected
waves are called m ultipath waves [33]. The m ultipath waves at the receiver site have
a combined effect due to the different arrival times, phases and am plitudes. W hen
they are collected by the receiver antenna at any point, they may combine either
in a constructive or a destructive way, depending on the random phases. The sum
of these m ultipath components forms a spatially varying standing wave field. The
mobile unit moving through the m ultipath field will receive a signal which can vary
widely in am plitude and phase. W hen the mobile unit is stationary, the am plitude
variations in the received signals are due to the movements of the surrounding objects
in the radio channel. The am plitude fluctuation of the received signal is called channel
fading. It is caused by the tim e-variant m ultipath characteristics of the channel. The
effect of channel fading in the received signal samples is purely random.
The wireless channel suffers from time varying channel fading param eters due to
the m ultipath propagation and destructive superposition of th e signals received over

10
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different paths. From the quantitative point of view, channel fading param eters can
be classified in two categories:
• Large-scale fading,
• Small-scale fading.
Large-scale fading is prim arily caused by reflection, diffraction and scattering.
This type of fading is usually deterministic. On the other hand, small-scale fading,
or simply fading, is used to describe the rapid fluctuation of the am plitude of a radio
signal over a short period of tim e or travel distance. This type of fading is described
by stochastic process. The wireless channel considered in this work is the latter type.
Small-scale fading can again be classified into different categories. Depending on
the Doppler shift, fading can be classified as fast or slow. In fast fading, the symbol
duration is larger th an coherence time, i.e. high Doppler rate. In slow fading, the
symbol duration is smaller than the coherence time, i.e. low Doppler rate. Coherence
time is a statistical measure of the time duration over which the channel impulse re
sponse is essentially invariant [22]. It quantifies the similarity of the channel response
a t different times. In other words, coherence time is the time duration over which
any two received signals (at different times) have a strong correlation.
Depending on delay, small-scale fading can be classified into two categories: flat
fading and frequency-selective fading. In a flat fading channel, the signal bandw idth
is smaller th an the coherence bandwidth. Meanwhile, in a frequency-selective fading
channel, the signal bandw idth is larger th an the coherence bandw idth. Here, coher
ence bandw idth is a statistical measure of th e range of frequencies over which the
channel can be considered to be flat, i.e. having approxim ately equal gain and linear
phase [22]. In other words, coherence bandw idth is the range of frequencies over which
any two frequency components have a strong correlation. F lat fading channel is also
called a narrow band system, as all spectral components of the transm itted signal are
11
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subject to the same fading attenuation. On the other hand, frequency-selective fad
ing channel is also called wideband system, as the received signal spectrum becomes
distorted due to the fact th a t the relationships between various spectral components
are not the same as in the transm itted signal. The system model in this thesis is
based on small-scale slow flat fading channel.
The channel fading param eter of interest can be described using one of the fol
lowing two popular models depending on the existence of a line-of-sight from the
transm itter antenna to the receiver antenna:
• Rayleigh fading model: no line-of-sight from the transm itter to the receiver.
• Rician fading model: line-of-sight exist from the transm itter to the receiver.
Among these models, Rayleigh fading model is the worst case where there is no
line-of-sight from the transm itter antenna to the receiver antenna. This is the typical
model for cellular wireless channel where the mobile unit receives only reflected waves.
Rayleigh fading model is described in detail next.
W hen the number of reflected waves is large, according to the central limit the
orem, two quadrature components of the received signal are uncorrelated Gaussian
random processes w ith a zero mean and variance a 2. Thus the envelope of th e re
ceived signal at any tim e instant undergoes a Rayleigh probability distribution and
its phase obeys a uniform distribution between —7r to 7r. The probability distribution
function (pdf) of the Rayleigh fading model is given by [33]

a > 0
p(a) = <

( 2 .2 )

0

a < 0.

The mean and variance of the distribution is 1.2533a and 0.4292a2 respectively.
If the pdf in (2.2) is normalized so th a t the average signal power (i?[a2]) is unity, then

12
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Figure 2-2: The pdf of normalized Rayleigh fading distribution.
the normalized Rayleigh distribution becomes

p(a) = <

2oe-°'

a> 0

0

a < 0.

(2.3)

In this case, the variance in each quadrature component becomes 0.5. The pdf of
normalized Rayleigh distributions is shown in Figure 2-2.
Again, depending on the number of tran sm itter and receiver antennas, a channel
can be classified into four different categories:
• Single-Input Single-Output (SISO): having one transm itter antenna and one
receiver antenna.
• Single-Input M ultiple-O utput (SIMO): having one tran sm itter antenna and two
or more receiver antennas.
• M ultiple-Input Single-Output (MISO): having multiple tran sm itter antennas
w ith only one receiver antenna.
• M ultiple-Input M ultiple-O utput (MIMO): having multiple numbers of trans13
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w
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Figure 2-3: Different types of channels based on number of antennas,
m itter and receiver antennas.
A schematic diagram of the different cases are shown in Figure 2-3.

2.4

Channel coding

Channel coding is a state-of-the-art technique used to combat the detrim ental effects
of the channel fading param eters for improved reliability of communication.

The

basic concept of the technique is to introduce redundancy to the d ata stream s in the
transm itter to enable the receiver to detect or even correct transm ission errors due to
randomness of the channel, and hence to improve reliability of the transm itted d ata
at the expense of lower d ata rate. The task of the channel coding is to represent the
source information in such a system atic m anner th a t minimizes the error probability
in the decoding process.
There exist a vast number of channel coding schemes in the communication system.
Some prominent techniques are discussed below.

14
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2.4.1

H am m ing codes

One prim itive type of channel coding is the Hamming codes. In this type of coding,
the codes m aintain a minimum Hamming distance in th e constellation diagram. The
receiver decides in favor of the nearest code from the received signal sample. The
coding gain provided through this technique is very low, hence this coding is no
longer used in the practical field.

2.4.2

P arity-check codes

In this type of the channel coding technique, some parity-bits are added with the
d ata symbols which contain some information of d a ta bits. Using this parity-bits as
a constraint, the decoder can decide whether the received d ata bits are correct or
not. The receiver can even correct a certain degree of error using this technique. The
scheme is still used in some simple d a ta communication system where th e random
effect of the channel is very trivial.

2.4.3

Linear block codes

This was one of the popular channel coding technique for a long time. In this scheme,
a low density generator m atrix is used to linearly encode a block of d a ta before
transm ission of the signal. The receiver uses a message passing algorithm to decide
in favor of the correct codeword. The high complexity of the algorithm is a drawback
of this type of encoding technique.

2.4.4

C onvolution codes

Convolutional encoders are commonly specified by three param eters: the number of
o utput bits, the num ber of input bits and the number of memory registers. The ratio
of the number of input bits over the number of outputs bits is called the code rate,

15
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which is a measure of coding efficiency of this type of encoder. V iterbi decoding is
used to decode the received d ata and decide in favor of lowest p ath metric. This
coding scheme provides high gain and is the foundation of modern channel coding
schemes.

2.4.5

Turbo codes

Turbo Codes have been adopted by both the th ird generation partnership program
(3G PP) and 3G PP2 standards to enable higher network d a ta capacity in CDMA
systems, according to Association of Radio Industries and Business. Turbo encoder
consists of two recursive systemic convolution (RSC) encoder and one interleaver. The
d ata from the source is directly given to the output of the channel encoder, which
is called system atic bit. D ata is also fed directly to one RSC encoder and through
the interleaver to the other RSC encoder. The output of the RSC encoders might
be punctured to increase the d ata rate at the cost of lower error rate performance.
Turbo decoder consists of two A Posteriori Probability (A PP) decoders, an interleaver
and a de-interleaver. The d ata is iterated several times w ithin th e A PP decoders
before deciding in favor of a codeword. The decoders use both extrinsic and intrinsic
information to provide soft decisions. The error rate performance of this technique
achieves near Shannon’s lower limit of channel capacity in AWGN channel.

2.4.6

Space-tim e trellis codes

Space-time trellis codes (STTC) were first proposed by Tarokh, Seshadri and Calderbank [27]. They offer a substantial coding gain, spectral efficiency, and diversity
improvement on flat fading channels. The encoder maps binary d ata to m odulation
symbols, where the mapping function is described by a trellis diagram. The decoder
employs a V iterbi algorithm to perform maximum likelihood (ML) decoding and de
cides in favor of the minimum p ath metric. One disadvantage of this type of channel
16
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coding is its complex decoding structure.

2.4.7

S pace-tim e block code

Space-time block (STB) coding was first proposed by Alam outi [1] and then later
analyzed and extended by Tarokh et. al. [29]. The key feature of the scheme is th a t
it achieves a full diversity gain with a simple ML decoding algorithm. A generator
m atrix is used to encode the data, while a combiner and a ML decoder is used to de
code the received data. The advantage of the scheme is its ability to provide improved
performance when concatenated with other channel coding schemes, especially Turbo
codes. This combination provides extremely high performance in even the Rayleigh
fading channel.
The thesis will focus on STB channel coding technique. Low complexity of imple
m entation and feasibility of small physical size of the receiver, makes the STB code
very suitable for the next generation mobile communication. The scheme is explained
in detail in the next chapter.

17
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Chapter 3
Space-tim e block coding
M ulti-path propagation and destructive superposition of signals received over different
paths are the principle reasons of performance loss in the wireless channel w ith timevarying fading. Special techniques have been applied to enable bandw idth efficient
transmission. One of the widely applied approaches is to reduce the detrim ental effects
of m ulti-path fading using antenna diversity. Recently this type of diversity technique
has been studied extensively because of its relative simplicity of im plem entation and
feasibility of having multiple antennas a t the base station. B ut due to the difficulty of
efficiently using receive antenna diversity at the remote units since they should remain
relatively simple, inexpensive and small, receive diversity has been nearly exclusively
used at th e base station [2], In this chapter, the general structure of STB code is
described w ith emphasis on A lam outi’s proposed model.

3.1

H istorical background

Space-Time Coding is a coding technique designed to use with multiple transm it an
tennas, where coding is performed in both spatial and tem poral domains to introduce
correlation between signals transm itted from various antennas at various tim e peri
ods [33]. Historically, STB coding scheme was first proposed by Alam outi [1] for two
18
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Figure 3-1: The block diagram of the transm itter and the receiver for space-time
block Codes.
transm itter antennas and multiple receiver antennas. Later, the scheme was general
ized for any number of transm itter and receiver antennas [27-29,31,34]. A general
block diagram of STB coded system is given in Figure 3-1.
STB codes, can provide the best theoretical tradeoff between diversity gain, tran s
mission rate, constellation size, signal space dimension and trellis complexity [28].
While receive diversity like maximal-ratio receiver combining (MRRC) uses m ulti
ple receive antennas, space-time block (STB) code uses multiple tran sit antennas to
achieve performance gain. The advantage of STB code is th a t it allows us to achieve
diversity gain while m aintaining small physical size of the receiver.

3.2

A lam outi’s first m odel

T he Alam outi scheme is the first STB code to provide full diversity for systems with
two transm it antennas. The encoder takes a block of two m odulated symbols s0 and
Si in each encoding operation and maps them to the transm it antennas according to
a code m atrix given by

/
G =

So

Si

(3.1)

Table 3.1 shows the encoding and transm ission sequence for the STB coded system
for A lam outi’s first model given in Figure 3-2. Here T is the time period for one
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tim e t
tim e t +

T

tx antenna
so
si

tx antenna
Sl
so

0

1

Table 3.1: The encoding and transm ission sequence for the STB coded scheme of
A lam outi’s first model.
-q *

~*
%

lx antenna 0

'raw tr antenna 1

W rx antenna

interference
<£ noise

channel

combiner

estimator

maximum likelihood detector

Figure 3-2: A lam outi’s first model of STB coded system [1 ],
symbol. At time slot

t , so

is transm itted from the tran sm itter antenna 0 and si is

transm itted from the tran sm itter antenna 1 . At the next time slot, —s* is transm itted
from the tran sm itter antenna

0

and Sq is transm itted from tran sm itter antenna

1,

where (•)* denotes the complex conjugate. The key feature of Alamouti scheme is
th a t the transm itted sequences from the two transm itter antennas are orthogonal.
For the Alam outi scheme, the codeword distance m atrix has two identical eigenval
ues. The minimum eigenvalue is equal to the minimum squared Euclidean distance in
the signal constellation. This means for the Alam outi scheme, the minimum distance
between any two transm itted code sequences remains the same as in the uncoded
system. Therefore, the Alam outi scheme does not provide any coding gain relative
20
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to the uncoded m odulation scheme, except diversity gain [33].

3.3

Other STB code m odels

A lam outi’s simple scheme of STB coding was later generalized by Tarokh et al. All
STB coded models are similar except the change of generator m atrix and combining
scheme due to different number of transm itter and receiver antennas. In every model,
d ata is encoded to m atch the number of transm itter antenna using corresponding
generator m atrix. The rate of coding is defined as the number of d a ta encoded in
one block over the number of transm itter antennas. A full rate code has code rate
of 1, and a partial rate code has a code rate less th an 1. The criteria of encoding
is th a t th e transm itted symbol sequences must be orthogonal to each other. This
is valid for both the full rate and partial rate encoders. The decoder with multiple
receive antenna uses some sort of received signal combining scheme before delivering
the received signal to the decoder. A generalized system model is given next, but
emphasis will be on the A lam outi’s first model.

3.4

A generalized system m odel

A wireless communication system is considered with n transm it antennas at the base
and m receive antennas at the remote [Figure 3-1]. The STB encoder takes p symbols
in one block of d ata from the information source and uses the generator m atrix to
produce q symbols for each transm itter antenna [1,29]. Hence the generator m atrix
has dimension of q x n. One frame of d ata symbols contains L blocks. If p — q,
then the encoder is called full rate and if p < q, the encoder is partial rate. At each
time slot t, one symbol

i =

1 ,2

,... ,n is transm itted simultaneously from the n

transm it antennas. The channel is assumed to be flat fading and quasi-static, i.e.,
the p ath gains are constant over a frame and vary from one frame to another. The
21
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path gain from the ith transm itter antenna to the receiver antenna is denoted by hi.
The Rayleigh fading channel is modelled as samples of independent complex Gaussian
random variables w ith variance of 0.5 per real dimension.
A sample of the received signal of the j t h receiver antenna at tim e t is the super
position of all signals sent from different tran sm itter antennas and is given by [29]
n

f’j.t

^ h ij • Sitt T Tij,t
i= 1

(^'^)

where, Ujtt is the AWGN noise sample of a zero-mean complex Gaussian random
variable at the j t h receiver at time t with variance ATo/2 per real dimension, where
No is the average noise energy. The average energy of the symbols transm itted from
each antenna is normalized to be one.
Now for the case of A lam outi’s first scheme shown in Figure 3-2 and the transm it
ted signal given in Table 3.1, the received signal at tim e slot 0 and 1 can be w ritten
respectively as

r0 - h0s0 + hi si + n Q
ri = h o ( - s l) + h]_sl + n i

(3.3)

where no and n \ are the AWGN noise samples at tim e slot 0 and 1, respectively.

3.5

Receiver structure for perfect knowledge of
CSI

The original receiver proposed by Alam outi consists of a combiner and a maximum
likelihood (ML) decoder. The combiner combined the received signal over two tim e
slots and gives the resultant d ata to the decoder. The following two combined signals
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are calculated at the combiner.

so = h*0r0 + h xr{
s'i = h*xr0 - h0rl.

(3.4)

Here ho and h x are the estim ated channel param eters at the receiver. The ML decoder
receives these d ata and computes the distance from the d ata given from th e combiner
(so and s'i) with the signals of the constellation. It decides in favor of the symbols
closest to the com puted result from the combiner. However, later, it has been shown
th a t the ML decoder can use a decision m etric to decide in favor of a symbol, providing
same performance [29]. Assuming perfect channel state information is available, the
receiver com putes the following decision metric
n

EE
t= j = l

(3.5)

1

over all possible

combinations of the codeword and decides in favorof the codeword

th a t minimizes the sum. Here I is the length of one block of Space-Time codes.
Now for the case of A lam outi’s first model, the decision m etric given in (6.2) can
be simplified to the following decision rules as given in [29]:

\(roK + T’lft'i) — so | 2 + ( —1 +

(|ho |2 + |^ i|2)) lso| 2

(3.6)

( |A,0 12 + |/»i|2)) [si |2

(3-7)

for decoding of ,s0 and

\(r0h{ — r{ho) —s i |2 + ( —1 +

for decoding of Si.
Please note th a t the decision rule given here assumes perfect channel knowledge
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Figure 3-3: The block diagram of concatenated Turbo codes with STB codes (Trans
m itter and Decoder).
is available at the receiver. In practical cases, as we do not have access to the actual
channel param eter h, we try to estim ate it using channel estim ation techniques. Let
the estim ated channel param eter be h, which has a certain estim ation error. Hence in
( 6 .2 ), h has to be replaced by estim ated channel param eter h, when no knowledge of
the CSI is available. This mismatch causes degradation of performance compared to
the perfect channel knowledge case [28]. This will be discussed in detail in the next
chapter.

3.6

Advantages of STB coded system s

The STB code offers maximum diversity w ith simple transm itter and receiver struc
ture. A nother advantage of space-time code is th a t it can be used in concatenation
with other channel codes. Two layer channel coding offers increased reliability of
d ata transm ission for highly noisy channels. An example is Turbo code as outer code
and space-time code as inner code as shown in Figure 3-3 [2,15,25]. This kind of
concatenation provides very high coding gain in both additive white Gaussian noise
(AWGN) a n d R ayleigh fa d ed channel. H ow ever, it h a s b een show n t h a t in th e p re s
ence of one receiver antenna, little can be gained in term s of outage capacity by
using more th an four transm itter antennas. A similar argument shows th a t if there
are two receiver antennas, almost all the capacity increase can be obtained using six
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transm itter antennas [6,27].
The STB coding scheme is very suitable to achieve diversity gain with relatively
low complexity. However, the scheme performs poorly in the absence of the perfect
channel knowledge of CSI. The effect of incorrect channel knowledge is discussed in
the next chapter.
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Chapter 4
Effect o f im perfect channel
estim ation
The derivation of the decision rule for the decoding of the STB code, as given in [1,29],
assumes th a t the receiver has perfect knowledge of the channel state information
(CSI). To find the decision rule, the probability density function (pdf) of the received
samples is derived. This system model is only valid when the receiver has the perfect
knowledge of CSI. However, in practice, the receiver never has the perfect knowledge
of the channel, as the channel param eters are random variables. The decoding of the
STB code for practical im plem entation requires the knowledge of the MIMO chan
nel param eters at the receiver end. In such situation, for practical im plem entation
of the STB codes, the channel param eters are estim ated using a channel estim ation
scheme. Simplicity and reliability of the orthogonal pilot sequence insertion (O-PSI)
m ethod makes it one of the state-of-the-art technique and is used in the present wire
less devices [18]. However, all known techniques of the channel estim ation suffer from
certain estim ation errors due to the noise at the receiver. From this point of view, all
practical communication systems can be considered as systems with imperfect chan
nel knowledge. This estim ation error of the channel param eters cause performance
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degradation of the STB coded system in term s of error rates. In this chapter, dif
ferent channel estim ation techniques and the effect due to th e imperfectness of the
estim ation of the channel fading param eters are discussed.

4.1

Channel estim ation m odel

A wireless channel has random fading param eters, which distort both am plitude and
phase of the signal. The commonly observed channel fading is Rayleigh fading and
is given in (2.3). This fading can be modelled as samples of independent zero mean
complex Gaussian random variables with variance of 0.5 per real dimension.

Let

the complex fading param eter be h. At the channel estim ator, the estim ated fading
param eter h can be modelled as
h= h+e

(4.1)

where e is the complex estim ation error samples due to the AWGN noise in the re
ceiver. Hence the probability distribution of the error e is also zero mean complex
Gaussian random variables. Thus th e probability distribution of th e estim ated chan
nel param eter h is zero mean complex Gaussian distributed, too. The variance of the
distribution of the estim ated channel param eter is the sum m ation of the variances of
the actual fading param eter and th a t of the estim ation error.
This generally accepted model of the estim ated fading param eter is used in this
work. Among different types of channel estim ation technique, we used the O-PSI
m ethod and STB coded d ata aided channel estim ation in this research work. The
above mentioned model is valid for both m ethods as shown in the next section.
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4.2

Channel estim ation techniques

Among different types of channel estim ation techniques for MIMO channel fading
param eters estim ation, one of the simplest and efficient m ethod is to insert some
orthogonal pilot sequences within a d ata frame. The m ethod is called orthogonal
pilot sequence insertion (O-PSI) m ethod [18]. A nother approach, special to the STB
code, is to exploit inherent orthogonal property of the STB coded d a ta [12]. These
m ethods are discussed in this section and shown th a t the model given by (4.1) is valid
for both of these models.

4.2.1

O -PSI m ethod

O-PSI is a simple but powerful technique for channel estimation. In this m ethod, some
pilot sequences are inserted at the beginning (or middle) of a d ata frame. The receiver
has perfect knowledge of the positions and magnitudes of the pilot sequences. For
multiple transm it antennas, the pilot sequence of any transm itter m ust be orthog
onal to other pilot sequences from other transm itter antennas to simplify channel
estim ator structure.

For a system with n transm it antennas, n different pilot se

quences P i,P 2 ,...,P n with the same length are needed. Let k is the length of the
pilot sequences, i.e., Pj = [P^i Pi)2 ... Pi,k]T for the ith transm itter. To satisfy the
orthogonality property, the pilot sequence of the ith transm itter has to satisfy the
condition
I

0

for i

j

p f-p ; = {

y ||Pi[|

for i = j

where j is any other tran sm itter antenna. Here (-)T denotes transpose and (•)* denotes
complex conjugate.
The receiver isolates the received signals due to th e pilot symbols and sends those
to the channel estim ator for initial estim ation of the channel before it decodes the
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received signals due to the d a ta symbols. During the channel estim ation, th e received
signal at the the receiver antenna at tim e t can be represented by
n

rt = J 2 k i '

+ n *'

i= 1

The received signal and noise sequence at the antenna can be represented as

rP =

[n r2

np =

[m n 2 ... n k]T .

...

rk]T ,

T he receiver estim ates the channel fading param eter
quences

rp. Since

(4.3)
(4.4)

hi by using the observed se

the pilot sequences Pi, P2, P n are

orthogonal, the

minimum

mean square error (MMSE) estim ate of hi is given by [28]

hi = r pT . P*/ \ \ Pi \\2
n

= (hiPi + ' £ h j Pj + np)T - P * / \ \ P i f
i =i
i2

= [fc,(P f ■P?) + J 2 h , { P j ■P -) + ( n l ■p ; ) \ ! IIP,i 11

j=l
^ K + inl-PD /W PiW 2
— hi T Ci

(4.5)

where e, is the estim ation error due to the noise, given by

ei = «

• ^ ) / | | ^ | | 2-

Since np isa zero-mean complex Gaussian random variable

(4.6)

w ith single-sided power

spectral density jV0, the estim ation error e* has a zero mean and single-sided power
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spectral density N o /k [28].

4.2.2

ST B coded data

The generator m atrices of all STB codes (either full rate or partial rate) are formed so
th at, for a block, the d ata symbol sequence of any transm itter antenna is orthogonal to
the sequences of other transm itter antennas [1,29]. For example, with two transm itter
antennas, the full rate generator m atrix is given as

/

\
(4.7)

\ ~ X2 X1
where each column, which represents the signals transm itted from an antenna at
different time slots, is orthogonal to the other columns. Here x denotes the d ata
symbols.

The transm itted signal sequences, in this case, are Si = [s^i Si,2]t =

[x\ — X2 \t and s 2 = [s2,i S2 ,2 ]T =

[% 2

x l]T■ In general, if s, is the transm itted signal

sequence of the *th transm itter for a block, then

for i 7 ^ j
for i = j
where Sj is the transm itted signal sequence from any other tran sm itter antenna for
the same block. This orthogonality of the transm itted symbol sequences is guaranteed
due to the inherent orthogonal property of the generator matrices.
The inherent orthogonal property of the generator m atrix makes th e channel es
tim ator simpler using MMSE criterion. W hen a block of the transm itted symbol
sequence of the ith tran sm itter antenna is multiplied w ith the corresponding received
signal, fading param eters of the other paths vanish. This property enables one to
easily obtain the channel fading param eter of the corresponding transm ission path.
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Let the received signal vector for a block be rs = [ri r<t ... rq]T . As transm itted sym
bol sequence is not known to the receiver, a previous estim ate of the channel fading
param eter has to be used to decode the received signal of the block. The detected
symbol sequence of a tran sm itter antenna is then utilized to estim ate corresponding
channel fading param eter. As for a quasi-static channel, the fading param eters of any
block is the same during the whole frame, so this estim ated fading param eters using
d ata block can be used for the next iteration of the received signal of the same frame.
Now, if th e detected symbol sequence is correct, i. e. Sj = s*, then the estim ate
of desired channel param eter is the same as O-PSI method. The estim ated channel
fading param eter becomes

= (hiSi+

^2

hjSj + n s)T ■s*/ \\si\\2

[as s* = Sj]

n

= {hi{sj-s*)+

• 5*) + (n * ■a* ) ] / I N I 2
3= 1,

= hi + (n^ ■s*)/\\si\\2
= hi + ej

(4-8)

where n s = [n\ n? ... n q]T and e, is again the estim ation error due to th e AWGN noise
given by
* = «

• O / I N I 8.

(4-9)

On the other hand, if an incorrect detection of a block of d ata occurs, i.

e.

Si ^ Si, then the estim ated channel fading param eter using th a t block also becomes
incorrect. Let us assume th a t the channel fading param eter of wireless p ath from
the *th tran sm itter antenna to the receiver antenna is to be found. Also assuming
th a t due to incorrect detection, the detected block of d ata is the sequence sent from
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the A;th tran sm itter antenna (i.e. s* = sk). Then the obtained channel param eter
becomes

hi

=

rf-S t/p if
n

=

(hiSi + hksk +

hjSj + n s)T ■s*k/ ||sfc)j2
j=\,j^i,k

=

[hi(sf • s*k) + hk{sT
k ■s*k)
+

' S*k) + (n ^ ’ Sfc)]/ HsfcH2

E

=

hk + ( n j - s D / W s k f

=

hk + ek

(4.10)

where ek is the corresponding estim ation error due to the AWGN noise given as

efc = {nT
s ■4 ) / P f c | | •

(4.11)

If the A;th sequence is not produced by any transm itter antenna, then the estim ated
channel param eter does not even exist.
It is worthwhile to mention here th a t the channel estim ation technique using
the d a ta blocks of the STB coded system is only performed in the iterative channel
estim ator. This is because the m ethod requires a previous estim ate of the channel
to decode the d ata sequences at the beginning, and only improves th a t previous
estim ation by providing another estim ate of the channel.

4.3

Effects of im perfect channel estim ates

The effect of the estim ation error can be best shown by using the equation (3.4) used
in the combiner. For a receiver designed w ithout the combiner, however, the effect of
the estim ation error remains the same.
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The cross term s in the received signals are removed at the combiner by using the
combining scheme defined in (3.4). Assuming th a t the receiver has perfect knowledge
of the channel, ho — ho and hi = hi, we get

s~o =

K ro + hir{

= h ^ h o S o + hxSi + no) + h i ( h o ( —s i ) + h i s ^ + ni )*

— \h0\ So + h^hiSi — h\hoS\ + |h i| so + h^no + h \n \
— (|h 0 | 2 + |/ii| 2 )s 0 + h^no + h \n \

(4-12)

and

s 'i

=

-

h0r{

— hl(hoSo + h i s i + n 0) — h o ( h o ( —s i ) + h i s ^ + n i ) *

= h^hoSo + |h i| si + |ho| Si — hoh^so + h^no + hon\
— ( |ho |2 + |h i|2)si + h*n 0 + hon\.

(4.13)

Thus the cross term s are perfectly removed for the ideal case of perfect channel
knowledge. However, for the practical cases, where channel fading param eters are
estim ated using a channel estim ation process having error model as given by (4.1),
we have

S o

=

h*0r0 + h ir{

= (ho + e o ) ( h 0s 0 + h i S i + no) — ( h i + e i ) ( h o ( —s i ) + h\SQ + n i ) *

= |h 0|2 s 0 + h j h i s i — hih*Qs i + |h i |2 s 0 + e^hoSo + eghiS i — eihjjfii +

e ih {s0

+ hgn 0 + e^no + h in i + ein i
— (| ho |2 + |h i|2)so + (eoho + eihi)so + (ejhi —eihg)si
+ h*0n 0 + hin{ + e ln 0 + ein\
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(4.14)

and

s i'

=

h{rQ- hQr{

= (h \ + e*)(/ioSo + h \S \ + no) + (ho + e o ) ( h o ( —S i) + h i Sq + n i)*
= hihoSo + |h i | Si — \h0\2 Si + hohiSo + e]AoSo + e*h iS i — eoh^si + eoh*so

+ hiUo + e\no + hon\ + eon \
— (|/io | 2 +

N

2) si +

(e\ho

+

eohl)so

+ ( e*hi

— eo/ig)s i

+ h\iio + h o n \ + e^rio + &on *i-

(4-15)

Thus it is seen th a t the com puted results have enhanced noise term and interfer
ence from the cross term symbol. Because of this reason, the effect of the estim ation
error of the fading param eter is very severe in the decoding of the STB coded system
compared to the receiver diversity scheme [3]. As the STB code becomes attractive
due to its simplicity of the decoding process, this issue has to be resolved ahead of
efficient practical im plem entation of the scheme.
This thesis proposes modification of th e state-of-the-art for bo th cases of partial
knowledge of CSI and no knowledge of CSI. The next chapter deals with the case of
partial knowledge of CSI and a new decision rule is proposed. The following chapter
considers the case of no knowledge of CSI and an improved iterative channel estim ator
for STB coded system is proposed.
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Chapter 5
Proposed decision rule for
im perfect channel estim ates
In this chapter, A lam outi’s first model of the STB coded system w ith 2 transm itter
antennas and 1 receiver antenna is considered. It is assumed th a t the receiver has
partial knowledge of CSI. The estim ation error model described in (4.1) has been
used. The variance of the estim ation error is assumed to be known. A simple decision
rule is derived from the exact pdf of the received signal samples conditioned on the
estim ated channel param eters. The proposed decision rule is shown to be the same
as the one for the ideal case when perfect knowledge of CSI is available. It is also
shown th a t the proposed decision rule and Tarokh’s decision rule becomes identical
for very high SNR. The proposed decision rule shows at least same or even b etter
performance in term s of the error rate th an the one proposed by Tarokh. Moreover,
the complexity of the proposed scheme compared to the Tarokh’s scheme is much less
from the im plem entation point of view, providing high gain in term s of the hardware
requirements and pressing time.
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5.1

Background

The derivation of the decision rule given in (6.2), (3.6) and (3.7) for the decoding
of the STB code, assumes th a t the receiver has perfect knowledge of CSI is avail
able at the receiver [1,29]. In practice, however, the receiver never has the perfect
knowledge of CSI, as the channel param eters are random variables. The param e
ters are estim ated using a channel estim ation technique as th e decision rule requires
the knowledge of these param eters. Thus all practical communication systems can
be considered as systems with imperfect channel knowledge. For such STB coded
systems w ith imperfect channel knowledge, if we employ the decision rule for per
fect knowledge of CSI using imperfect channel param eter estimates in place of actual
channel param eters, performance degradation of the whole system is observed due
to mismatch. Performance degradation due to this type of mism atch in the channel
param eters in the decision rule has been addressed in the standard literature [33].
It is shown in [3] th a t STB code is more sensitive to the channel estim ation error
than straightforward two branch diversity schemes, because of their dependency on
the removal of the cross-terms in the decision rule. This dependency on the channel
estim ation error increases as the number of tran sm itter and receiver antenna increases
to achieve high error performance [9].
To resolve this issue of mismatch due to the imperfect channel estim ate, the case
of partial knowledge of CSI was discussed and a modified decision rule was proposed
by Tarokh [26,28]. The partial knowledge of CSI utilized was the variance of the
estim ation error of th e channel param eters, which can be easily and reliably obtained.
Recently, however, it has been found th a t the scheme is only applicable when the SNR
approaches infinity [30] and approxim ate for the practical range of SNR.
A system atic approach to include variance of the channel estim ation error has
been done by Frenger in [8 ] for Turbo coded systems. A similar approach is taken
here to calculate a new m etric for the STB coded system proposed by Alamouti.
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Figure 5-1: Simplified block diagram of th e STB coded communication system.
This decision rule can easily be generalized for similar type of systems. The proposed
modified decision rule performs equal or supersedes Tarokh’s decision rule with much
less complexity.

5.2

System m odel

A wireless communication system is considered with n transm itter antennas at the
base station and one receiver antenna at the remote station.

A simplified block

diagram is given in Figure 5-1. Extension of formulations for m receiver antennas
is straightforward. D ata is m odulated in the m odulator before encoding it w ith the
STB encoder. The encoder uses a generator m atrix to encode the m odulated d ata into
different tran sm itter sequences, m aintaining orthogonality of the sequences. Each of
the n tran sm itter antenna simultaneously transm it one symbol si]t, t =

0 ,1,2

, ••• ,n —

1 at any tim e slot t. The received signals at the receiver are combined and then
decoded using the maximum likelihood (ML) decoding algorithm. These signals are
then dem odulated to obtain the d ata bits.
We assume a flat fading wireless channel w ith the p ath gain defined to be hi
from the tran sm itter antenna i to the receiver antenna. The p ath gains are modelled
as samples of zero mean, independent complex Gaussian random variables with the
37
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variance defined as 15[|/ij|2] =

2a \, where E[x] denotes the expected value of x.

Furtherm ore, the wireless channel is assumed to be quasi-static so th a t the p ath
gains are constant over a frame of length L and vary from one frame to another. This
incorporates the required assumption of the STB decoder to have constant fading for
all the symbols of a block of transm itted symbol sequences having length of I. A
frame consists of an integer number of blocks.
We consider the STB coded system considered in [1] with 2 tran sm itter antennas
and one receiver antenna. D ata are encoded with STB encoder using the generator
m atrix

(
S1

G =
Y

S2

,

/ \
(5.1)

“ s2

where each column represents the signals transm itted from a particular antenna at
different time slots and each row represents the signal vector transm itted from all
transm itter antennas at a particular tim e slot. Here x* denotes the complex conjugate
of x.
After sampling of the received signal using the matched filter a t the receiver, we
have samples of the received signals [32]. Let the received signal at tim e slot 1 be
r i and at time slot

2

be r 2, and the corresponding additive white Gaussian noise

(AWGN) in the receiver be ri\ and n 2, respectively. So, the received signal model can
be w ritten in vector form as

r = Gh + n

(5.2)

where r = [ri r 2 ]T, h = [hi /i2 ]T and n = [ni ri2 \T . Here [-]r denotes transpose of
the m atrix or vector. Noise component n is a vector of complex valued Gaussian
distributed elements w ith zero mean and the variance defined as i? [|n i|2] = £'[|n 2 | 2 =
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2 (7 ^.

A ctual fading param eter h is also a vector of complex valued Gaussian dis

tributed elements w ith mean zero and the variance -E’[|^ i|2] = -E[|/i2 | 2 = 2a \. All
real and im aginary parts of h and n are assumed to be independent. It is straight
forward to show th a t the variance of the sampled zero mean received signal becomes
E[ | n | 2] = £ [ |r 2|2] = 2of = 2 a \(\si\2 + |s2|2) + 2a\.
Now, as shown in the previous chapter, the estim ated channel param eter model
can be expressed as

h= h+ e

(5.3)

where the estim ated channel vector h = [hi h2]T and the error vector e = [e* e2]T.
Here e is complex valued Gaussian distributed estim ation error with ,E[|ei|2] = Z?[|e2|2]
2(jg and E[e] = 0. Assuming h and e to be independent, we find th a t h is also a
vector of complex valued Gaussian distributed random variables w ith zero mean and
variance defined as

|2] = i?[|h2|2] = 2cr? = 2 a \ + 2o-2. It is shown in [5] th a t

this channel estim ate model is valid for pilot-based channel estim ation schemes. Fur
thermore, in [7], this model is shown to hold for decision-directed channel estim ation
schemes, assuming th a t the previous d ata symbols used for channel estim ation were
correctly detected. This model can be used in other channel estim ation models as
well.
Here, we use a pilot based channel estim ation technique, where the channel fading
coefficients are estim ated by inserting orthogonal pilot sequences in the transm itted
signals. In this method, some pilot sequences are inserted at the beginning (or mid
dle) of a d a ta frame. The receiver has perfect knowledge of the positions and mag
nitudes of the pilot sequences. For multiple transm it antennas, the pilot sequence
of any tran sm itter antenna must be orthogonal to other pilot sequences from other
transm itter antennas to simplify channel estim ator structure. For a system with n
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tran sm itter antennas, n different pilot sequences P i,P 2, ...,P n w ith the same length
are needed. Let k be the length of the pilot sequences, i.e., P* = [Pj,i P , i2 ••• Pi,k]T for
the ith transm itter. To satisfy the orthogonality property, the pilot sequence of the
*th tran sm itter has to satisfy the condition

for i ^ j

0

-P11T . *p *j

=
i,2

for i = j

where j is any other transm itter antenna.
The receiver isolates th e received signals due to th e pilot symbols and sends those
to the channel estim ator for initial estim ation of channel before decoding of the re
ceived signals due to d ata symbols. During the channel estimation, the received signal
at the the receiver antenna at tim e t can be represented by
n

rt = J 2 hi ' P^ + n f
i= 1

(5‘4)

T he received signal and noise sequence at the antenna can be represented as

rP =

[ti r 2 ... r k}T ,

(5.5)

nv

[ni n 2 ... n k]T .

(5.6)

T he receiver estim ates the channel fading param eter hi by using the observed se
quences rp. Since the pilot sequences P i,P 2 ,...,P n are orthogonal, the minimum
mean square error (MMSE) estim ate of hi is given by [28]

hi = rTp -p;/\\P i\\2
= (hiP i+

]T

hjPj + np)T ■P*/ ||Pji ilI2
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= [h(P f -p ;)+

hs( P j ■P ,*) + (nT
„ - J?)]/ ||Pj||2

jr
2

— hi + e.

(5.7)

where e* is the estim ation error due to the noise, given by

(5.8)

= ( n pT - P * ) m f -

Since np is a zero-mean complex Gaussian random variable with single-sided power
spectral density No, the estim ation error e, has a zero mean and single-sided power
spectral density N o /k [28].
In order to derive the modified decision metric, we need to know the exact pdf of
the received signal conditioned on th e estim ated channel param eters and transm it
ted symbol sequences. To simplify our calculations, the following cross correlation
coefficients are defined:
E in h i)
E[nhp
E{r2h{\
y /var(r 2 )var(/j1)
E[r2h 5 ]

It can be easily shown th a t fj,n = n 22 = s i a \ / { a ra^) and n l2 = —H2\ =

s2

We further define

H

'mn

2

2
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where i, j, m , n € { 1 , 2 } with the condition th a t if i = m , then j ^ n or vice versa.
As shown in the Appendix, the required pdf can be expressed as

P r\h ,s(m ,S ) =
(2 tr) 2 a*

(1

|2 \ 2 exp
- |/r| )
+ ^ X2h^j

ri -

2 a 2 (1

O'

- \rf)

+ r2 - { f i x h 2 - n*12h^J

Oh

oh

(5.10)

where s is the vector of signals transm itted at a particular tim e slot.

5.3

Derivation of the decision m etric

We can easily find th a t the pdf described in (5.10) can be expressed as multiplication
of two p d f’s, as follows

P r\hA R \H ,S)

1
2 tta 2 ( 1

- |m| )

exp

1a\

(1

- |M|2)

ri - ( ^ 1 1 ^ 1 + ^ 12 ^ 2 )

1

2 ir a 2
r ( l - M 2)

P1

2 a 2r ( l - |/r|2)

r 2 - (fJ,*n h2 - fJ,*12h x) —
\
J ath
(5.11)

which is in the form of

S ) - Prr i A
n l -hJ R 2 \ i t , S).
| h,s, ( R i\H , S ) p T2\h,S'

(5.12)

It is obvious th a t the conditional distributions of r x and r2 are independent, Gaus
sian distributed w ith conditional expected values of

E

n \h ,s

=

( / i n / l l

+

(Jil 2 h 2 )

—

,
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(5.13)

E

r2\h,s

J

= (n*n h2 -n * l2hi) — .

(5.14)

at

The conditional variances are equal and given as

E

ri | h ,s

E

r2\h,s

=

2 ^(1

- M 2).

(5.15)

Assuming th a t all the signals in the m odulation constellation are equiprobable,
a ML decoder chooses a pair of signals from the signal m odulation constellation to
minimize the distance metric

<f(rl t E[ ri\h, s ]) + d?{r2, E[ r2\h, s ])

(5.16)

over all possible values of s, the detected signal sequence vector. Here d2(x, y) is the
squared Euclidean distance between signals x and y calculated using the expression
d2{x,y) = ( x - y)(x* - y*).
P u tting values in (5.16) leads us to the minimization problem of the following
distance metric

|ri - (jJtuhi + Hl2h2) —

\2

+ |r2 - (fj,*n h2 - n*l2h l ) IJr |2

(5.17)

for all transm itted symbol sequences.
After expanding the above m etric and deleting the term s independent of the tran s
m itted symbols, we reach the following equivalent metric to be minimized
at

{—r ih \s \ —r*hiSi —rji*2sl — r{h2s2 — r2h lsi

~ r2h2s\ + r2h \s 2 + r ^ i S j ) + - j ( | s i | 2 |h i |2
+ IS212 17^212 + |s i | 2 \h2\2 + 1S212 |h i|2).
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We can decompose this term into two parts for the sake of the simplicity of the
detection process, one of which

+ r*ih2)sl - (r\h\ + r2h*2) s ^
h

+

(l^ ll 2 + l ^ 2) Nil 2
h

is a function of Si only, and the other one
2

(y-{nh*2 - rlhi)s*2 - (r\h 2 - r2h \)s 2j
h

+

( l^ ll 2 + I^ 2 12 ^ |S2 | 2
h

is a function of s2 only. Thus the minimization problem given in (5.17) is reduced
to minimizing these two parts separately. This leads us to a faster decoding process
with less complexity, especially with higher order m odulation

schemes. After

some

rearrangem ent and m anipulation of the above two expressions, we reach the decision
metric

\{riK + r 2 ^ 2 ) ^ | —«i j2 + (—1 +
h

+ |^ 2 |2 ) ) |s i | 2

(5.18)

( l^ i |2 + 1^212) ) |S2 12

(5.19)

h

for detecting Si and the decision metric

I0"l^2 —r 2 ^ l ) ^ 2 _

S 2 |2

+ ( —1 +

h

^7

h

for detecting s2. These are the desired modified decision rules and are used in our
simulations for a STB coded system with the imperfect channel estimates.
For

the ideal case in which we have perfect knowledge of CSI at the receiver,

hence no estim ation error, we have o \ = cr| as cr^ =

0

and /i, = h,, where i € { 1 , 2 }.

Consequently (5.18) and (5.19) becomes the same as th e decision rules for the perfect
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known
CSI
unknown
CSI

for detection of Si
Kcl^i + ^2 ^ 2 ) —^ i |2
+
( — 1 + ( |h i |2 + |/i 212)) 1s i | 2

for detection of s2
\{nh*2 -r*2h x) - s i | 2
+
( — 1 + ( |h i |2 + |7r-212)) l<s212

\(r ih* + r 2 ^ 2 ) ^ ~ s i | 2 +

|(ri h2 — r2hi)-Jt — S2 I2 +

( - l + £ ( l * i |2 + W ) ) H a
h.

(_ 1

+ ^f-(l^i |2 + I^2 |2 ))|s 2 | 2

Table 5.1: Decision rules for the ideal case of known CSI and the proposed scheme of
unknown CSI.
channel knowledge, which are

1

\ { r i K + r 2^2) ~ s i |2 + (—1 + ( | h i |2 + |/i2 2)) |sx

|2

for detecting s* and

\(r\h*2 — r 2h\)

—

s i | 2

+

( — 1

+

( | / r i | 2

+

| / r - 2 12 ) )

ls 2 12

for detection s2 as given in (3.6) and (3.7). Table 5.1 is provided for comparison
of the two decision metric, i.e. for the ideal case of known CSI and for the partial
knowledge of CSI.

5.4

Com parison w ith Tarokh’s decision m etric

We now compare the proposed m etric w ith the state-of-the-art m etric given by
Tarokh [26, 28] in the presence of the channel estim ation error. Originally derived
for the space-time trellis codes, the metric is however generally accepted for the
STB codes. The mean and variance of the distribution function of the random varin

able rt conditioned on hi as given by Tarokh are /Jr, = / / / ( \f2<j-h) \fW a ^ shtht and
i~ 1
n

a 2, = N0+

1

- 1//1 )ESJ2 | &it 1 respectively. Here n' = l / y /T + 2 a f is the correlation
i—1
coefficient, N0 = 2cr2 is the noise variance and Es is the energy per symbol, which is
(1
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the factor by which the elements of the signal constellation are contracted to make
the average energy of the constellation as 1. The decision metric proposed by Tarokh
for n tran sm itter antennas and one receiver antenna can be w ritten as

/

E
t=
1

\
N0

+(1- \(,f)E s i—
£ |Siit|

+ln(A^o+(1—|//| )ES l^i,t|2)

(5.20)

i= 1

1

For the case of PSK (phase shift keying) constellation, the metric given in (5.20) is
reduced to the following:

(5.21)

£t=i

y /2 a h

j= 1

According to a recent publication of Tarokh, these expressions are only valid for very
high SNR [30]. For SNR of infinite, N0/ E s —> 0, i.e. for a certain Es, No

—
> 0. Again,

for the case of normalized Rayleigh fading channel, which is assumed by Tarokh,
we have cr\ = 0.5 and \fW s = 1. Considering the case of
and

1

2

tran sm itter antennas

receiver antenna, the mean of the pdf of the received d a ta conditioned on the

estim ated channel param eters becomes

AV'

H'y/El
fK _
V2a h

i t
Z ^ Si h i
i= 1

1

y i

+ 2

__________
y /2

^ ] Sj/ij
x 0.5 + 2a2e^ / 2 a ^ ^

l2 a U 2al
2cr?

(sihi + s/h^).

h
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(5.22)

Assuming correct detection, for ri, the mean becomes

® T

@T

?

i"

\

( — s\h \ H----- S2 /12)
a frl o r
ar

-2

- ( - ^ S 1h 1 + - ^ - 8 2h2)
a h a har
a ha 'i'
a.
— (nn h1 +/J,12h2)
°h

(5.23)

which is equal to the mean given in (5.13). Similarly, for r2, the mean becomes

/A' -

2 ^ 2"(

^2 ^ 1 + Sl M

h
t®r *u
= - 22 {— s l h 2
(7 ^

-

cry

(jf

*u \
S2M

= - { ^ S \ h 2s*2h 0
cr/t(7f
®b?T
= — (n*n h2 - n{2h 1 )
ah

(5.24)

which is equal to the mean given in (5.14). For the same conditions, the variance of
the pdf of the received d ata conditioned on the estim ated channel param eters becomes
2

^ , = A 0 + ( i - | / / | 2) £ s J >
i= 1

2

2
2

e
o ^ j-2

-

Z(Te
2cr?

h

»=1

2^

V
»=1

is |2
I *1

= ^ ( | 5 i |2 + |S2|!I)
h

(5.25)

for both r\ and r2. The variance of the received signal conditioned on the estim ated
channel param eter derived here is given in (5.15). Expanding this variance w ith the
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M odulation
Scheme
p-QAM
p-QAM
p-PSK
p-PSK

Decision Metric
Proposed (5.18) (5.19)
Tarokh (5.20)
Proposed (5.18) (5.19)
Tarokh (5.21)

Memory Re
quirements
10
13
10
11

Complexity
Index
17xp
20 x p 2
17 x p
11 x p 2

Number
of
Comparisons
p {p

~ 1)
P2(P2 ~ l ) / 2
P(P ~ 1)
P2(P2 ~ l ) / 2

Table 5.2: Comparison of the complexity issues of the proposed scheme w ith Tarokh’s
scheme.
—>0 as SNR goes to infinity i.e. a\ = cr^(|si|2 + |s2|2) + v

conditions th a t

a h2 (\S l\2 + |s212) and a 2h = 0.5, we have

2 flrr ( l

-

H ’) =

2( ^

( N l |2 +

|S2|2))(1

ri- I2 +i i"
-- (|Sl|
|s2|h n -

=

( | S l |2

2^

-

(k ll2+

^
(H

2

\S2\2)

^ )
a rGl

I 2I ^2 h2 )i
+ M m

+ |S2 |2 ) ( l - 4 )
ah
2

- ( |s i|2 + | S 2|2) ^
h

(5.26)

which is exactly equal to (5.25). Hence it is found th a t the proposed scheme becomes
the same as the scheme proposed by Tarokh for high SNR.
To address the complexity issues and memory requirements of the proposed scheme
compared with th a t of Tarokh’s scheme, some assumptions are made in order to sim
plify our com parative study. In this simplified approach, we are interested only in the
complexity of the decision rule as the difference of the two schemes lies in the decision
rules. Since multiplications and divisions are the most complex basic operations in
designing the signal processors, we base our calculations on the requirements of these
operations in the decision rules. We assume the complexity of a multiplier, a divisor,
a squaring or a logarithm operation be the same. The complexity index is calcu
lated by simply adding the required number of multiplications, divisions, squaring
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and logarithm operations. Table 5.2 gives the comparison of the proposed scheme
w ith T arokh’s scheme for p-QAM and p-PSK modulation, where p is the number of
states of the m odulation scheme. The metrics are to be com puted for each possi
ble combination of the signals transm itted for each state of the m odulation scheme.
Assume th a t factors are to be calculated once and then stored for reuse in the later
com putations, rather than calculating each time. This results in minimized process
ing time by reducing the number of m ultiplications w ith increasing storage size. The
metrics proposed by Tarokh have to be com puted p2 times for different combinations
of si and S2 and compared w ith each other. However, in the proposed scheme, each
metric has to be com puted only p times because of the variable separation operation
during the derivation of the metrics. This is why the complexity of the decision rule
of the proposed scheme is much lower than th a t of Tarokh’s scheme.
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Chapter 6
Iterative channel estim ation
technique
For a STB coded system where the receiver has no knowledge of the CSI, there is
no way to improve performance of the system by modifying the decision rule of the
system. In such case, one solution to improve the performance is to use iterative
channel estim ator to have reliable estim ate of the channel w ith a few overhead pilot
symbols. In this chapter, the state-of-the-art iterative channel estim ation technique
is discussed and a novel approach of frame-based iterative channel estim ation tech
nique is proposed. The proposed iterative channel estim ator shows much improved
performance in term s of the error rate, b u t has higher complexity compared to the
state-of-the-art technique.

6.1

Background

The decoding complexity of STB code for practical im plem entation is th a t it requires
knowledge of the MIMO channel fading param eter at the receiver end. Performance
degradation due to mism atch in the channel param eters has been addressed in stan
dard literature [33]. It was shown in [3] th a t STB code is more sensitive to channel
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Figure 6-1: Block diagram for iterative channel estim ation of STB coded system.
estim ation error th an straightforward two branch diversity scheme, because of its de
pendency on the removal of cross-terms in the decision rule. This dependency on the
channel estim ation error increases as the number of transm itter and receiver antennas
increases to achieve same error performance [9].
Techniques to overcome performance degradation due to this type of channel es
tim ation error in the absence of any CSI are being extensively studied. Iterative
algorithms seem promising as they obviously outperform non-iterative approaches
which use only initial estimates. In [14], a cyclic approach is considered to compen
sate the channel estim ation error. The decision-directed iterative channel estim ation
m ethod has been proposed in [4,16,35]. An improved m ethod of the channel tracking,
which is in fact a modified version of the decision-directed algorithm, which is in fact
a modified version of the decision-directed algorithm, hence can be called as modified
decision-directed method, has recently been proposed in [12], Here, a frame-based
iterative channel estim ator is proposed th a t shows even b etter performance than the
modified decision-directed approach.

6.2

System m odel

A wireless communication system is considered with n tran sm itter antennas at the
base station and one receiver antenna at the remote station.

A simplified block

diagram is given in Figure 6-1. Extension of formulations for m receiver antennas
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is straightforward.

The STB encoder takes p symbols in one block of d ata from

the inform ation source and uses the generator m atrix to produce q symbols for each
transm itter antenna [1,29].

Hence the generator m atrix has dimension of q x n.

One frame of d ata symbols contains L blocks. If p — q, then the encoder is called
full rate and if p < q, the encoder is partial rate. At each time slot t, one symbol
si)t, i = 1,2,. . . , n is transm itted simultaneously from the n transm it antennas. The
channel is assumed to be flat fading and quasi-static, i.e., the p ath gains are constant
over a frame and vary from one frame to another.

The p ath gain from the zth

transm itter antenna to the receiver antenna is denoted by /q. The Rayleigh fading
channel is modelled as samples of independent complex Gaussian random variables
with variance of 0.5 per real dimension.
A sample of the received signal at time t is the superposition of all signals sent
from different tran sm itter antennas and is given by [29]
n
( 6 .1 )

where n t is a zero-mean complex Gaussian random variable with single-sided power
spectral density N q.
Assuming perfect channel state information (CSI) is available, the STB decoder
computes the decision metric
2

(6 .2 )
7=1

i= 1

over all possible combinations of transm itted symbol sequences (s, = [s^i s i]2 . . . Sj,g]T),
for i =

1,...,

n, and decides in favor of the symbol sequences th a t minimizes the sum.

In practical cases, as the receiver does not have access to the actual channel fading
param eter hi, it tries to estim ate the h i’s using a channel estim ation technique. Let
the estim ated channel param eter be hi, which has a certain estim ation error. Hence
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in (6 .2 ), hi is to be replaced by estim ated channel param eter hi, which causes degra
dation of performance compared to perfect channel knowledge [28]. A b etter estim ate
of fading param eter improves performance but higher number of overhead symbols
are required for this purpose. An efficient iterative channel estim ator reduces the
number of pilot symbols needed to achieve the same or even b etter performance.

6.3

Iterative channel estim ation algorithm

For iterative channel estim ation, an initial estim ate of channel fading param eters is
done using O-PSI pilot sequences, known d ata symbols or some other methods. The
initial estim ate is given to the detector for detecting the received signal. This initial
estim ate can be updated exploiting the orthogonal property of STB code using either
the modified decision directed (tracking) mode or the frame-based approach proposed
in this section.
The need for pilot symbols can be reduced if some known d ata from the transm itter
can produce the same effect of transm itting the pilot sequence. For example, if 2 bits
of a transm itted d ata are known, it is equivalent to

2

pilot symbols inserted within

the frame when m odulated using BPSK m odulation scheme. Considering space-time
Turbo codes as a specific example, the Turbo code is concatenated with the space
tim e code for higher performance gain [2], W ith the coding rate of 1/3, two d ata
from the two recursive system atic convolution (RSC) encoders are sent with one bit
of system atic data. As bo th encoders are initially at all zero state, th e first outputs
from two RSC encoders are always zero irrespective of data. If these two d a ta are
sent before the system atic bit in the frame, then

2

known bits per frame are found.

This is an example of reducing the need of pilot symbols on an ad hoc basis.
W hatever m ethod is used, the obtained initial estim ate during the training process
has certain estim ation error due to noise in the receiver. The initial estim ate of the
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channel fading param eter of the ith p ath can be expressed as

(6.3)

where e° is th e initial estim ation error.

Here the superscript indicates the index

number of iterative estim ation process.

6.3.1

M odified d ecision-directed channel estim ation

In this m ethod, the initial estim ation of the channel fading param eter is changed
after the detection of every block of d ata throughout the entire frame as decoding
progresses [12]. The estim ated channel param eter for block I w ith a received signal
vector r l8 = [r[ r l2 ... r lq]T and a detected signal sequence s\ = [s*tl s \ 2 . . . sli q]T is

— hi + e\

(6.4)

where n ls is AWGN noise and e\ is the corresponding estim ation error. Note th a t
(6.4) holds only when the detected signal sequence is correct (s( = s(). This esti
m ated fading param eter hi is then tim e averaged over previous estim ations to get the
averaged estim ate for the next iteration. Thus the averaged param eter for iteration
m = 1,2 ,..., M — 1 is

H —(^ i

+

h + e])/ 2 — hi

+

-(e °

+

e})

hi = (h] + K + e?)/3 = hi + - (e° + e] + ef)
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Now, let the first incorrect detection of block (s\ = slk ) occurs at th e M th iteration.
Using (4.10) in (6.5), the averaged estim ated channel fading param eter becomes

( 6 .6 )

The approxim ation is used to simplify the estim ation error term . Iteration continues until the end of the frame. The algorithm can be summarized as follows:
Find the initial estimate
For data block 1 to L
Detect data block using present estimate
Use detected data block to find new estimate
Time average new estimate to get present estimate
End

6.3.2

P rop osed fram e-based iterative channel estim ation

T he proposed m ethod is a simple extension of the state-of-the-art m ethod, but the
performance gain is substantial. The analytical reasoning is given in the next section.
Here the m athem atical modelling of the proposed scheme is described. The proposed
scheme uses the property th a t, if a transm itted symbol sequence of a particular an
tenna is orthogonal to other transm itted symbol sequences for several blocks of data,
then the combined transm itted symbol sequence for multiple blocks of d a ta of th a t
antenna will still be orthogonal to the combined transm itted symbol sequences of
th e o th e r a n te n n a s.

L et th e tra n s m itte d signal sequence for a fram e from th e *th

transm itter antenna be S f = [(s*)T (si) T ■■■ (sf ) T]> where one d ata frame contains L
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blocks of data. According to this orthogonality property

qT

fo r i ± j

q*
Oj

fo r i = j

IIS

where

Sj

is the transm itted symbol sequence from any other tran sm itter antenna for

th a t frame.
In the frame-based iterative method, the initially estim ated channel fading pa
ram eter is used to decode the whole frame similar to non-iterative methods. Then
the whole decoded frame of d ata is used to find a new channel estim ation param eter.
For example, an estim ate of hi using the received signal vector of the frame ( R j =
[(r])T (r l) T ... (rf')T]) and the detected d ata frame ( S j = [(s*)T (s*)T ... ( s f ) T]) can
be obtained as follows:
z- 1

(6.7)

Sf
where

2

denotes number of iteration.

Noting th a t ||s j || 2 = |[s? |[ 2 =

= IK "’

and assuming a blocks are correctly detected and other L —a blocks produce symbol
sequences of the /cth tran sm itter antenna in one frame of d ata during detection process
of the last iteration, (6.7) can be rew ritten as follows:

/if =

« • h i( s j ■s*) + ( L - a)hk( s l • si) +

N T

■(S f 1)* /[L H ^ r ' I I 2]

lhi+‘^ h t+\NT-(srri\\n-l\l

( 6 .8 )

This new estim ated channel fading param eter is used for the next iteration, and
the process is repeated for a desired number of iterations. The proposed algorithm
can be summarized as follows:
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Find the initial estimate
For number of iterations 1 to Z
Detect whole frame of data using present estimate
Use all data in the frame to find new estimate
Set new estimate to present estimate, discard previous
End

6.4

A nalysis of performance

The difference of performance observed between the modified decision-directed es
tim ation and the proposed frame-based iterative estim ation is mainly based on the
effect of incorrect detection w ithin the frame. In the modified decision-directed esti
mation, one incorrect detection of a d ata block changes the channel estim ation sub
stantially, leading to a higher probability of incorrect detection of subsequent d ata
blocks. However, in the frame-based estim ation m ethod, the effect of incorrect detec
tion of a particular block is less. Because the effect of the incorrect fading param eter
due to incorrect detection of a d ata block blends with other correct fading param eters
of the same frame. From (6 .8 ), as the value of a reduces in each iteration, so a m L
and L — a « 0, leading to h* ~ hi. This ensures b etter estim ation of channel fading
param eter in each iteration of the frame under consideration.
To have a b etter understanding of the difference in performance, let us study
a particular case.

W ith average BER of 7.7 x 10~3, one block of d a ta might be

incorrect among 65 blocks of data. For the frame-based iterative m ethod, from (6 .8 )
with a — 64 and L = 65, the effect of the incorrect channel fading param eter is
1/64 compared to the correct param eter.

B ut for the modified decision-directed

method, the effect depends on the number of blocks correctly detected before th a t
error actually occurred. Suppose if the incorrect block happens before detecting half of
the frame, from (6 .6 ) with M = L /2 , the effect of incorrect channel fading param eter
is 2/65 compared to the correct param eter. If an incorrect block is encountered within
the first quarter of the frame (M = L / 4), the effect is 4/65 . The worst case is when
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Figure 6-2: Effect of drastic channel estim ation error if error occurs in the first block
of d ata detection using modified decision directed method.
an incorrect detection occurs ju st after the initial estim ation (M = L / 65) and the
effect is equal to the correct param eter. This case is shown in Figure 6-2, where the
initial estim ate of the channel fading param eter is close to the actual param eter, but
the detection of the first d ata block is incorrect. Subsequently the channel param eter
estim ated using this d ata block might be away from the actual fading param eter of
th a t channel, because this is a channel param eter of some other p ath as indicated
in (4.10). As a result, the time averaged channel param eter diverts greatly from
the actual channel param eter, increasing the probability of incorrect detection for
subsequent d ata blocks.

Further incorrect detection of d ata blocks will make the

estim ated channel param eter divert further away from the actual channel param eter.

From the analysis of performance for the case of incorrect detection of d ata block,
it is clear th a t the proposed frame-based iterative algorithm is robust against this
type of error compared to the modified decision-directed algorithm. The simulation
results are also in agreement with this analysis.
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Chapter 7
Sim ulation results
The proposed schemes are simulated extensively using software. Comparison is done
for the applying the same conditions and criterions. All the simulations have been
performed assuming A lam outi’s first model of the STB codes w ith two transm itter
antennas and one receiver antenna with the generator m atrix given by (4.7). The
channel is assumed to be quasi-static and flat faded. For pilot symbol insertion, the
total transm it energy per frame is kept constant for a fair comparison. T he simulation
results are given in this chapter for both cases discussed in this thesis: the proposed
decision m etric and the frame-based iterative channel estimation.

7.1

Sim ulation result of the proposed m odified de
cision rule

Normalized Rayleigh fading is assumed with the variance per complex dimension
as a \ = 0.5. The transm itted signal sequences are m odulated using 16-PSK and
a gray coded 16-QAM m odulation. The constellation diagram of the 16-PSK and
gray coded 16-QAM m odulation is given in Figure 7-1 and 7-2, respectively. In gray
coding scheme, two adjacent symbols have only one bit change. Gray coding reduces
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Figure 7-2: Constellation diagram for a 16-QAM gray coded m odulation scheme.
the number of errors in the detection of bits even if the symbol detection is wrong.
This is because most of the erroneous detection of symbols end up in one of the
adjacent symbols in the constellation diagram, which will cause only one bit error in
case of gray coding. We have used a higher order QAM m odulation scheme to have
b etter observability of the effect of performance degradation due to imperfect channel
knowledge.
The channel estim ation error variance a \ depends on the actual channel estim a
tion scheme and can be com puted as a function of bit energy-to-noise ratio and the
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Figure 7-3: Variance of estim ation error vs Eb/NO for different lengths of pilot se
quences in slow Rayleigh fading channel (Simulation results).
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Figure 7-4: Variance of estim ation error vs Eb/NO for different lengths of pilot se
quences in slow Rayleigh fading channel (Theoretical results).
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number of pilot symbols [28]. To find these variances of estim ation error for different
lengths of pilot symbols, we have transm itted only pilot symbols from the transm it
ters and estim ated the channel using (5.7) and plotted it against a range of E ^ /N q as
shown in Figure 7-3, where Eb is the bit energy and N 0 is the noise variance. The es
tim ation error is found to decrease with increasing signal power and increasing length
of pilot symbols.

Theoretically the estim ation error variances can be found from

the expression N 0/2 k E s per dimension, where k is the length of the pilot sequence.
T he theoritical result is plotted in Figure 7-4. The theoretical results are found to
be virtually identical to th a t of the experimental values. However, the experimental
values of the estim ation error variances are used in the later simulations which is
obtained from a look-up table. This is done for b etter resemblance to the practical
im plem entation issues.
Figure 7-5 shows the bit error rate (BER) and frame error rate (FER) perfor
mance curves of the system under consideration with the proposed decision metric
and is compared w ith the conventional decision rule. Two pilot symbols are added to
each frame containing information of 32 symbols for channel estim ation. T he perfect
channel knowledge curve is also given as a lower bound of achievable performance.
Significant improvement for BER is observed w ith little improvement in FER.
Experim ental results show th a t the gain in error rate with respect to Tarokh’s
model is insignificant for PSK m odulation. However, for QAM modulation, significant
gain is observed. Here the results for the frame length of 128 bits/fram e and 512
bits/fram e w ith 16-QAM gray coded m odulation are presented in Figure 7-6 and 7-7
respectively. Two pilot symbols are added to each frame for the channel estimation.
As observed, th e g ain u sin g th e p ro p o se d m e th o d is h ig h er w ith h ig h er n u m b e r of
bits per frame.
The gain in error rate with the proposed m etric over Tarokh’s m etric is plotted in
Figure 7-8 for b etter understanding of the nature. It is seen th a t the gain decreases
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Figure 7-6: BER performance for 16-QAM gray coded m odulation (128 bits/fram e)
with the STB coded system .
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with increasing SNR and becomes identical for very high SNR as predicted in C hapter
5.
In Figure 7-9, th e gain in dB is plotted against th e BER. It shows th a t th e gain
remains high for low BER with larger frame length. So, it can be predicted th a t the
gain will be substantial for practical range of frame size and error rate.

7.2

Sim ulation results for frame-based iterative chan
nel estim ation

The simulations have been done for the BPSK and QPSK m odulation scheme with
1

receiver and

2

tran sm itter antennas w ith A lam outi’s space-time block codes [1 ]

for sufficient number of times to achieve statistical independence. The channel is
assumed to be quasi-static, i. e. fading is constant over a frame and independent
of other frames. The initial estim ation is done assuming only 2 known symbols per
frame, and hence found th a t

2

known symbols channel estim ation performs similarly
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Figure 7-10: BER vs Eb/NO for various cases (BPSK m odulation scheme).
to

2

pilot symbols channel estim ation (except minor performance improvement due

to energy loss in pilot symbols).
Figure 7-10 shows the bit error rate (BER) for the modified decision-directed and
frame-based iteration methods for BPSK m odulation scheme w ith the frame length
of 130 bits. The performance of the conventional pilot signal estim ation (using 2 and
10

symbols) and also the performance of the system with perfect channel knowledge

(as a lower bound) are given for comparison purposes. It is seen th a t a substantial
gain is achieved using the proposed algorithm, which almost supersedes performance
achieved even by 10 pilot symbols. For instance, to achieve the error rate of 3 x 10~4,
the gain is 1.2 dB with 3 iterations using the frame-based channel estim ation m ethod
over the modified decision-directed method.
In Figure 7-11, the frame error rate (FER) of the corresponding cases are given.
B oth th e modified decision-directed and frame-based iterative channel estim ation
m ethods outperform the conventional m ethod using 10 pilots. The performance of
the frame-based channel estim ation (with 3 iterations) is near to the lower bound. For
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Figure 7-11: F E R vs Eb/NO for various cases (BPSK m odulation scheme).
example, to achieve the frame error rate of

1 0 ~2,

compared to the case w ith perfect

channel knowledge, the proposed m ethod requires 0.04 dB additional signal power,
whereas the modified decision-directed m ethod requires 0.17 dB. Further iterations
of the frame-based iterative approach have marginal additional gain in term s of BER
or FER.
In Figure 7-12 and 7-13, BER and FE R for various cases are given using QPSK
m odulation and w ith the same frame length. BER of the proposed m ethod is found to
reach 10 symbols pilot estim ation for high SNR, and even b etter in the case of FER
performance. Substantial improvement of error rate is observed over the modified
decision-directed method.
Finally, in Figure 7-14 and 7-15, a comparison is made for different frame lengths.
It is seen th at, BER is independent of the frame length in all the case. For FER,
better performance is found with a shorter frame length. One interesting point to
notice is th a t, to achieve the same F E R using the proposed scheme compared to the
modified decision-directed scheme, shorter frame length provides higher performance
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B E R vs Eb/NO for various
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Figure 7-12: BER vs Eb/NO for various cases (QPSK m odulation scheme)
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B ER vs Eb/NO for different fram e s iz e s
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gain over longer frame length.
The simulation results varify the theoretical conclusions drawn in the last two
chapters. However, further simulation and research is expected ahead of practical
im plem antation of the proposed schemes.
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Chapter 8
Conclusions and future directions
This thesis considers the practical im plem entation issue of the STB coded system
when imperfect channel knowledge is available at the receiver. The cases of partial
knowledge of CSI and no knowledge of CSI are considered separately. Efforts have
been given aiming to push the limits of th e state-of-the-art of the corresponding cases.
In the first case of the partial knowledge of CSI, an exact pdf of the received
signal conditioned on the estim ated channel param eters and the transm itted symbol
sequences is derived. Using this pdf, a new modified decision rule has been derived
for the decoding of the STB coded system with partial knowledge of CSI. Simula
tion results show th a t same or improved performance is obtained using th e proposed
method over the state-of-the-art m ethod in term s of error rate. Moreover, there is a
huge reduction of the system complexity. The proposed scheme performs especially
well for QAM modulation, which is commonly found in the practical systems. Simu
lation results are obtained using param eters estim ated from the channel, not from the
theoretical values of th e channel estim ation error. Hence th e performance observed
incorporates the degradation due to the of the variance of the estim ation error of the
pilot symbol sequences.
The modified decision rule derived in this work is for a system w ith w ith 2 trans-
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m itter antennas and 1 receiver antenna with STB coded communication channel
proposed by Alamouti.

It is straightforward to extend it for a higher number of

tran sm itter and receiver antennas using the same approach.

Hence a generalized

modified decision rule can be obtained easily to be used for any STB coded system,
which is a future step to be taken. The extremely low complexity of the proposed
scheme makes it an attractive solution for practical im plementation.
For the second case of no knowledge of CSI, a frame-based iterative algorithm for
channel fading param eter estim ation of STB coded system is proposed in this work.
It is found th an the proposed scheme outperform state-of-the-art modified decision
directed scheme. The BER and F E R of the proposed scheme with 2 pilot symbol
supersedes the performance of the conventional pilot signal estim ation even with

10

pilot symbols in high SNR. The algorithm is applicable in space-time Turbo coded
systems w ith very little modification. The improved CSI can be utilized in decoding
of a Turbo decoder for even b etter performance gain. The simulations show th a t
high performance gain can be achieved w ith fewer iterations. The proposed m ethod
significantly reduces the number of pilot symbols needed to achieve the same or even
better performance, but requires higher processing complexity. Proposed modified
decision rules can also be combined w ith the proposed iterative channel estim ator
and should produce even b etter performance in term s of error rate performance, but
is an issue of future research.
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A ppendix A
D erivation o f p d f for conditional
received signal
In this appendix, we derive the exact pdf of the received signal conditioned on the
estim ated channel param eter and the transm itted symbol sequences.
The received signal samples are complex Gaussian distributed w ith r

N C(Vr,C r) e

Q2, where O'2 denotes complex vector of dimension 2 and N c denotes complex normal
distribution. Here the mean of the distribution is p r , the covariance m atrix is Cr.
It is straightforward th a t p r = 0, Cr — 2 a ll2, where I 2 denotes 2 x 2 unit matrix.
Hence the pdf of the complex received signal vector can be expressed as [19]

pr |s(i?|5) = - 2 ^ T[ exP ( - ^ C ^ r ) .

(1 )

Here s is th e transm itted signal vector at any tim e slot and |X | denotes th e determ i
nant, while X H denotes Herm itian of the m atrix X .
Similarly distribution of the estim ated channel param eter is h
where the mean is

N c (»h,C h) e & ,

and the covariance m atrix is C~h. Again, we have fi~h = 0 and
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C-h = 2ct?h - Thus h has the complex distribution function as follows

Ph^

(2)

exp i ~ h H c h l h ) '

=

Now, the joint distribution function of r and h is [13]
H

/

r

1

p rMs( R , H \ S )

r

GXp
7T4 C r ,h

-

(3)

C r,h
~l
h
i

i

V

where the correlation m atrix can be expressed as

r

r
yr,h

E
h

We have found th a t

-|

r H hH

c.r,h

-

=

2 4afod

2a \G
fl

2o \G h

2a \ l 2

( l — \n\2) 2 and

2a p 2

c r,a
~l

2 a2
rh
=

-2crrcr^CAt
(4 )

1 /2

- 2 a ra hC *

C.r.h

2a%

where Cfl is defined as
A^ll

^12

A*21

^22

Cu

P u tting all these values in (3) and doing simple multiplications, we reach

1

-1

p rMs( R , H \ S )

JT4 |Cr | IC h \ (1 - |,i|2)2 6 P \ 2V2<t? (1 { 2 a \r Hr + 2a 2rhHh — 22a ra~hR r 11C j i

\/if)

)}

( 5)

where 5?[X] denotes the real axis portion of the complex scaler X, and the definition
of

|M| 2

is given in (5.9).
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According to Bayes theorem, we can use the following expression to get the pdf
of the received signal conditioned on the estim ated channel param eters:

Pr\h,s(R\H >S) =

PrMs (R ^ \ S ) = P r , h ^ H \S )
^ \ l rl„
= ™
ph]s(H \S )
ph(H)

(32)

as h is independent of the transm itted symbols.
P u ttin g values from (2) and (5) in (32), and doing some simple m anipulations, we
finally reach the desired conditional pdf, which is given in (5.10). This is the exact
conditional pdf required for derivation of the decision rule in the presence of partial
knowledge of CSI.
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Glossary
A PP

A posteriori probability

AWGN

Additive white Gaussian noise

BER

B it error rate

BPSK

Binary phase shift keying

BS

Base station

CSI

Channel state information

FER

Frame error rate

MIMO

M ultiple input multiple output

MISO

M ultiple input single output

ML

Maximum likelihood

MMSE

Minimum mean square error

MRRC

Maximal ratio receiver combining

MS

Mobile station

O-PSI

O rthogonal pilot sequence insertion

pdf

Probability distribution function

PSK

Phase shift keying

QAM

Q uadrature am plitude m odulation

QPSK

Q uadrature phase shift keying

RSC

Recursive systemic convolution

SIMO

Single input multiple output

SISO

Single input single output

76

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

SNR

Signal-to-noise ratio

STB

Space-time block

STTC

Space-time trellis code
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